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The  assessment  of  microbial  processes  is  often  done  in Microbioreactor  systems  (MBRs),  which  allow
for  parallel  cultivation  in  multiple  independent  wells.  MBRs  often  include  dissolved  oxygen  sensors,
which  are  convenient  for process  characterization  through  oxygen  uptake  rate  and  other  respirometric
determinations.  In  order  to  assess  respirometric  potential  of MBRs,  a  complete  assessment  of  the  DO
ﬂuorescent  quenching  sensors  was  done,  showing  that  they  presented  a  typical  error  of  0.56%,  a  signal
to  noise  ratio of  189,  a response  time  from  5.7  to 7.2 s and no  drift  over  a period  of 24 h.  Then,  KLa in
the MBR  was  measured  with  different  cassette  and cap designs,  liquid  volumes,  agitation  rates,  gas  ﬂow
rates,  temperatures  and  ionic strengths.  KLa ranged  from  8 to 90 h−1, with  a standard  deviation  betweenreSens
icroreactor
icrobioreactor
replicates from  2.8  to 17.5%.  From  these  results  and  a numerical  simulation,  it was  shown  that  the  MBR
tested  allow  the  determination  of  oxygen  uptake  rates  in  a range  from  0.038  to 3390 mg  L−1 h−1, with
a  determination  error  less  than  15%.  Besides  OUR  determination,  it was  concluded  that  the  MBR  tested
is  also  a convenient  tool  for dynamic  pulse  respirometry  methods,  based  on experimental  conﬁrmation
with  four  different  cultures.
©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
The assessment of microbial processes, including strain
creening, process optimization and characterization is often done
n Microbioreactors (MBRs), which allow for parallel cultivations
n multiple independent wells. MBRs have been developed since
he 2000s (Duetz et al., 2000; Kumar et al., 2004) and since then,
hey have been progressively implemented with key features such
s agitation, aeration, dissolved oxygen (DO) and pH sensors. Many
BR  designs are commercially available, with generally 6 to 384
ells containing liquid volumes from a few L to several mL.  Low
olume MBRs allow rapid screening of a large number of cultures,
hile larger MBRs, with generally fewer wells, are large enough
o have several online sensors and allow for process control during
onger operation (Doig et al., 2005; Harms et al., 2006). These MBRs,
nclude usually 24 wells and have been considered comparable to
arger scale bioreactors, for bacteria, fungi, yeasts, microalgae and
∗ Corresponding author. Tel.: +52 55 57473320; fax: +52 55 57473313.
E-mail address: thalasso@cinvestav.mx (F. Thalasso).
ttp://dx.doi.org/10.1016/j.jbiotec.2014.06.031
168-1656/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
animal cells cultures (Betts and Baganz, 2006; Chen et al., 2009;
Doig et al., 2005; Hsu et al., 2012; Isett et al., 2007; Kostov et al.,
2001; Tang et al., 2006; Pacheco et al., 2013).
For aerobic processes, the most important feature of MBRs
is certainly the online measurement of DO concentration, to
ensure essential oxygenation of the culture. Furthermore, online
DO reﬂects the process kinetics, including the substrate uptake
rate, because of the proportionality between substrate and oxygen
uptakes (Ficara et al., 2000; Kong et al., 1994; Spanjers et al., 1996).
At any time, DO concentration depends on the equilibrium between
oxygen transfer and uptake, in such manner that oxygen and sub-
strate uptakes are identiﬁable, on-line and real-time. Accurate and
precise measurements of the gas transfer coefﬁcient (KLa) and the
DO concentration are therefore of utmost importance to support
meaningful process development. DO measurements in MBRs are,
in most cases, done by ﬂuorescent quenching sensors, which are
based on the decrease of ﬂuorescence of an active chemical com-
pound in the presence of oxygen. These sensors are used because
they are small and can be read optically from the exterior, without
interfering with the internal content of the wells. They have been
exhaustively described (Bambot et al., 1994; Gerencser et al., 2009;
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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rist et al., 2010; Harms et al., 2006; John et al., 2003; Panahi, 2009;
uaranta et al., 2012; Trettnak et al., 1995).
KLa in MBRs has also been well reported. Among others, Duetz
2007) reviewed KLa in MBRs from 0.2 to 2.5 mL,  while Funke et al.
2009) reported KLa in a large number of microtiter plate designs.
ermann et al. (2003) characterized mass transfer and speciﬁc
ransfer area in a 96-well system and Doig et al. (2005) charac-
erized KLa in several microtiter plates with 25 to 384 wells. Betts
nd Baganz (2006) also reviewed KLa in several systems commer-
ially available. Last but not least, Pacheco et al. (2013), measured
O2 mass transfer in a 96-well system. According to these previ-
us reports, KLa in MBRs range from 18 to 1600 h−1, which is a
ider range than the one observed in larger bioreactor scales and
onﬁrms that based on the measurement of the oxygen transfer,
BRs can be operated under similar conditions when compared to
ab-scale reactors.
The aforementioned studies have shown the interest of MBRs for
rocess development and rapid strain screening, especially under
he microbiological and the mass transfer approach. However, to
he best of our knowledge, these previous studies did not assess
he potential of MBRs for respirometric applications; i.e. process
haracterization based on the online measurement of the oxygen
ptake rate. Respirometry has been shown to be a powerful method
or the exhaustive characterization of microbial cultures with a
elatively small input of experimental effort (Rieﬂer et al., 1998).
hus, the combination of respirometric methods together with the
ultiplicity of bioreactors allowed by MBRs represents a potential
ajor breakthrough in fast bioprocesses characterization. As will be
hown hereafter, respirometry requires precise DO measurements
nd thorough knowledge of the mass transfer within the system.
hese aspects have been only partially attended in previous studies.
The objective of the present work was ﬁrst, to exhaustively
ssess oxygen transfer in a MBR  and second, to determine the
xperimental error of DO measurements, pointing-out the poten-
ial of MBR  for respirometric applications. To fulﬁll these objectives,
e addressed DO and KLa measurements in a widely distributed
ommercial MBR; the Micro-24 System (Pall Corporation). The use
f this system has been previously reported by Tang et al. (2006),
olmes et al. (2009) and by Isett et al. (2007) for several micro-
ial cultures as well as by Chen et al. (2009) and Das et al. (2008)
or mammalian cell cultures. In a ﬁrst step, a complete assessment
f the DO ﬂuorescent quenching sensors was done, including pre-
ision, signal to noise ratio, response time and time drift. Then,
La in the Micro-24 was assessed through an exhaustive set of
xperimental conditions; including 15000,000 DO data points and
500 KLa measurements. Experimental conditions tested included
assette and cap design, liquid volume, agitation rate, gas ﬂow
ate, temperature and ionic strength. From the results obtained,
otential respirometric applications are suggested before being
xperimentally tested with mixed or axenic cultures of autotrophic
r heterotrophic bacteria.
. Materials and methods
.1. Micro-24 System
All experiments were performed with the Micro-24 System (Pall
orporation). The Micro-24 utilizes a 24-well plate (or cassette), of
everal designs, ﬁxed on an orbital shaking support (5 mm shak-
ng diameter). The recommended agitation speed ranges from 500
o 800 rpm. Lower agitation speeds are possible but below this
ange reported rpm may  exceed actual rpm. The system allows for
ndependent supply of three gases to each well; usually air or oxy-
en, nitrogen, and carbon dioxide or ammonia for pH control. Gas
ow rates range from 0 to 20 sccm (standard cubic centimeter perotechnology 186 (2014) 58–65 59
minute). The Micro-24 also includes independent measurement
and control of the incubation temperature (18–45 ◦C) as well as
DO and pH measurements by PreSens ﬂuorescent quenching sen-
sors, a sensor typically found in MBRs. Standard collection rates for
Temperature and DO data were modiﬁed by direct entry on control
ﬁles to log data points every 5 s. pH data were acquired every 45 s
(Microbioreactor v3 Software).
2.2. Cassette and cap designs
The Micro-24 operates with disposable 24-well cassettes, avail-
able in three different designs; namely, bafﬂed (BFL), unbafﬂed
(REG) and cell culture (PRC) cassettes. In the present work, only
BFL and PRC cassettes were tested, being the most relevant to
the processes of interest. Whatever the cassette design, each well
has a total volume of 10 mL,  allowing cultures from 3.5 to 7.0 mL.
Wells are 14 mm  in diameter and 61 mm high. BFL wells include a
3 mm  wide and 40 mm  high bafﬂe, located on the sidewall of the
wells. PRC cassettes are designed for headspace aeration, avoiding
bubbling. With that purpose, each well includes a hollow conical
structure 44 mm high, 6.0 mm diameter at the bottom and 2 mm
diameter at the top through which gases are delivered. To avoid
spilling and maintain sterility when required, cassettes are closed
by caps or membranes. Four closing devices are commercially avail-
able; namely, (i) Type-A caps, single-use with plastic check valve
and sterile ﬁlter barrier, (ii) Type-D, single-use caps with sterile ﬁl-
ter barrier but no valve, (iii) Type-E, autoclavable, reusable caps,
with stainless steel check valve and no sterile ﬁlter barrier and, (iv)
gas permeable membrane, single-use tapes. In the present work, all
caps designs were tested although more focus was given on Type-A
and Type-E caps, the most commercially demanded.
2.3. Assessment of DO ﬂuorescent quenching sensors
As with many MBRs, the Micro-24 uses PreSens ﬂuorescent
quenching sensors for DO measurements. These sensors were
assessed in terms of precision, response time, signal to noise ratio
and drift. The response time (tr) of the DO sensors was determined
by applying sudden changes in DO concentration, according to Eq.
(1), where Cm and C are the measured and actual DO concentrations.
The signal to noise ratio (SNR, Eq. (2)) was determined to assess the
potential of the DO sensors to detect accurately small variations in
DO concentration. In Eq. (2),  is the standard deviation of the DO
signal. SNR was determined with several DO concentrations, using
different gas mixtures from 0.42 to 21% oxygen. Additionally, DO
signal drift was  assessed through the measurements of DO over a
24-h period. At the end of that period, SNR and tr were measured
to evaluate possible changes.
dCm
dt
= 1
tr
(C − Cm) (1)
SNR = Cm

(2)
2.4. Assessment of KLa
Mass transfer was quantiﬁed through the mass transfer coef-
ﬁcient (KLa) according to the dynamic method reported by
Moo-Young and Blanch, (1981). With that purpose, the cassettes
were ﬁlled with the desired amount of tap water and operated
under agitation and a constant air ﬂow rate until stable DO and
temperature readings were obtained. Then, the air ﬂow rate was
substituted for a ﬁxed nitrogen ﬂow rate until DO concentration
reached zero. Then, nitrogen ﬂow was substituted by air until satu-
ration was  observed again. KLa was determined for the descending
(nitrogen, KLaN2) and increasing (air, KLao2 ) DO concentrations, by
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tting of Eq. (3) to experimental data; where C* is the DO concentra-
ion at equilibrium with the gas phase (equal to zero in the case of
LaN2), C is deﬁned by Eq. (4), to take into account the response time
f the DO sensor, and C0 is the DO concentration at the beginning
f the experiment. Model ﬁtting was carried out using the Non-
inearModelFit function of the Wolfram Mathematica® 8 software
version number 8.0.1.0).
La = −Ln (
C ∗ −C)
(C ∗ −C0)
× 1
t
(3)
 = tr dCm
dt
+ Cm (4)
.5. Environmental conditions and statistical analysis
All measurements were done at 30 ◦C with tap-water, unless
therwise speciﬁed. Experiments were done in Mexico City, at
200 m above sea level. Under these conditions, oxygen solubility
as 193 × 10−6 M L−1, or 6.18 × 10−3 g L−1 (determined from NIST,
014). For clarity and generalization purposes, DO concentrations
re reported in percentage oxygen saturation, except otherwise
peciﬁed. Error of measurements was estimated through standard
eviation () and standard error of the mean (SEM), determined
rom Eq. (5), where n is the number of measurements, CV is the
oefﬁcient of variation and X¯ is the average parameter. Signiﬁ-
ance of differences between parameters was calculated using the
ukey–Kramer’s multiple comparison (TK) test performed after
nalysis of variance (p < 0.05) using the NCSS 2000 Statistical Anal-
sis System software (Number Cruncher Statistical Systems, USA).
EM = CV√
n
= /X¯√
n
(5)
.6. Numerical simulation
As previously mentioned, one of the main interests of DO mea-
urement during bioprocesses is the estimation of the process
inetics, including the oxygen uptake rate (OUR) and the substrate
ptake rate. OUR is typically determined from the measurement
f the DO concentration gradient (C* − C) according to the oxygen
ass balance described by Eq. (6); where trs is the response time of
he system; namely, the electrode and biological process together.
q. (6) is replaced by Eq. (7) when OUR is measured during steady
tate conditions.
dCm
dt
= [KLa (C ∗ −C) − OUR] ×
(
1 − e−t/trs
)
(6)
dCm
dt
= 0; OUR = KLa (C ∗ −C) (7)
To explore the impact of KLa and DO measurement error on OUR
eterminations, a theoretical analysis was conducted. This analysis
onsisted of generating simulated measured C data by Excel (Eq.
8)), using  experimentally determined. In the following equation,
¯ is the target value of C.
 = NORM.INV(RANDOM(), C¯,  ) (8)
Over 50000 simulated C were artiﬁcially generated for sev-
ral experimental conditions and used to determine the SEM on
UR determinations, assuming steady state (Eq. (7)). The range of
UR which can be effectively measured with the Micro-24 and
he corresponding SEM was also estimated from Eq. (7). Dur-
ng this theoretical analysis, C* was determined from gas/liquid
quilibrium data, assuming 21% oxygen in air, at 1 atm pressure
C* = 7.92 mg  L−1; NIST, 2014).otechnology 186 (2014) 58–65
2.7. Potential of MBRs for bioprocess characterization by dynamic
respirometry
One of the potential applications of MBRs is pulse or dynamic
respirometry, which consists of the measurement of DO con-
centration in an aerated reactor, combined with the injection of
pulses of substrate. The DO curve obtained, called respirogram,
reﬂects the kinetics of the aerobic biodegradation process, as a
balance between the forced oxygen transfer and the OUR  and
allows the determination of stoichiometric and kinetic param-
eters (Spanjers et al., 1999). To conﬁrm the potential of pulse
respirometry in MBRs, four different cultures were experimen-
tally tested: (i) an autotrophic axenic culture, nitrite oxidation by
Nitrobacter winogradskyi; (ii) an autotrophic mixed culture, nitriﬁ-
cation; (iii) a heterotrophic axenic culture, degradation of glucose
by Pseudomonas putida F1; and (iv) a heterotrophic mixed cul-
ture, activated sludge process. Culture conditions were the same as
those exhaustively described in Esquivel-Rios et al. (2014). Brieﬂy,
the N. winogradskyi culture was  obtained from 0.5 L Erlenmeyer
ﬂasks containing 0.25 L of a deﬁned culture medium, placed in
an orbital shaker at 25 ◦C. The P. putida F1 culture was obtained
from 0.5 L Erlenmeyer ﬂasks containing 0.20 L of a deﬁned culture
medium, placed in an orbital shaker at 30 ◦C. The mixed nitriﬁ-
cation culture was obtained from a 5.5 L continuous stirred tank
reactor fed with a deﬁned medium at ambient temperature. The
activated sludge was  obtained from a 5.9 L continuous stirred tank
reactor fed with a deﬁned synthetic wastewater, at ambient tem-
perature.
3. Results and discussion
3.1. Assessment of the DO ﬂuorescent quenching sensors
The DO ﬂuorescent quenching sensors of the Micro-24 are fac-
tory pre-calibrated. However, these sensors are not compensated
for temperature, salinity or atmospheric pressure. An additional
and external calibration, under the actual operational conditions is
required. This can be easily done by injecting oxygen-free nitrogen
and air, for 0 and 100% saturation, respectively.
We  tested the DO ﬂuorescent quenching sensors, starting with
the SNR of the sensors, which is important to deﬁne the minimum
signal that can be distinguished from background noise. With that
purpose, DO concentrations were measured under steady-state
over 1 h, in the 24 wells and at several DO concentrations ranging
from 2 to 100%, being a total of over 17,000 data points, for each
condition. Large SNR differences were observed between wells but
no signiﬁcant difference of SNR at several DO concentrations was
observed (p > 0.05). We  did not observe a spatial variation pattern
between wells, as those previously reported by Pacheco et al. (2013)
in a 96-well microplate. Indeed, these authors reported signiﬁcant
differences in border wells compared to wells located in the cen-
ter of the plate. These results suggest that, in the Micro-24, the
SNR variation between wells is related to the ﬂuorescent quenching
sensors more than the position of wells.
Overall, the results obtained indicate that the sensor noise
is proportional to the reading. The SNR was 189 ± 69 (aver-
age ± , Fig. 1A), which correspond to a noise of approximately
0.53% of DO readings, independently of the DO concentration.
This SNR was signiﬁcantly lower (p < 0.05) than those previously
reported for a standard polarographic electrode (from 436 to 458;
Ramirez-Vargas et al., 2013). From the same data-set, the SEM was
determined for several DO concentrations (Fig. 1B). For 1 to 100
DO measurements, which correspond to 5 to 500 s of continuous
measurement, the SEM ranged from 0.02 to 0.65% of the reading,
with little impact of the DO concentration.
R. Ramirez-Vargas et al. / Journal of Bi
Fig. 1. (A) SNR observed versus the DO concentration (error bars show the standard
deviation; 1, n = 24) and (B) SEM of DO determinations versus number of determi-
nations for DO concentrations of 2 (solid line) and 100% (dashed line) DO.
Fig. 2. Oxygen transfer coefﬁcients (KLa) for the Micro-24 under a broad range of experim
().otechnology 186 (2014) 58–65 61
The response time (tr) of the DO sensors was determined to
assess their capacity to record fast changing DO concentrations. The
response of the sensor was signiﬁcantly different when the con-
centration was  increasing or decreasing, with tr of 5.7 ± 0.22 and
7.2 ± 0.37 s, respectively. Such differences have been previously
reported (Gao et al., 2005; Herne et al., 1998; Lee and Okura, 1997)
and were explained as different times required to establish equilib-
rium in the quenching sensors (Lu and Winnik, 2001; McDonagh
et al., 2001; Ramamoorthy et al., 2003). These tr were similar to
others previously reported for quenching sensors (Baleizao et al.,
2008; Ramamoorthy et al., 2003) and were less than those generally
observed with standard polarographic probes (Oliveira et al., 2011;
Vanrolleghem et al., 2004). It is worthwhile to mention that these
tr have a negligible impact on KLa determinations. By estimating
KLa with or without taking into account tr (Eq. (4)), the error was
proportional to KLa, from 0.0 to 1.4%, for KLa from 1 to 100 h−1,
respectively.
We  also tested the stability of the DO signal in 24 wells, over
periods of 24 h. No signiﬁcant drift was  observed. Indeed, no sig-
niﬁcant changes in average, SNR, tr and standard deviations of DO
concentration were observed. In our experience, recalibration was
necessary only after two weeks of intensive use. Overall, these
results indicate that, after proper calibration, the DO ﬂuorescent
quenching sensors allow for process characterization, including
fast-changing conditions, on time scales from several hours to sev-
eral days, without intermediate calibration, except if experimental
conditions are changed.3.2. KLa
KLa under several conditions was determined. The method
consisted of injecting nitrogen in saturated water (KLaN2) or,
ental conditions. PRC + Cap A (), PRC + Cap E (), BFL + Cap A (©)  and BFL + Cap E
62 R. Ramirez-Vargas et al. / Journal of Biotechnology 186 (2014) 58–65
Table 1
Repeatability expressed as coefﬁcient of variation (CV, %) of KLa, measured sequentially or from independent assays, with different cassette and cap designs. Experimental
conditions: 600 rpm, 5 mL liquid volume, 10 sccm air ﬂow rate and 30 ◦C.
Cassette type BFL PRC
Cap type A (%) E (%) D (%) A (%) E (%) D
Air ﬂow aeration Coefﬁcient of variation between wells
5  Sequential assays 13.7 13.4 14.8 10.8 12.1 ND
5  Independent assays 17.5 12.3 13.2 11.7 13.1 ND
Coefﬁcient of variation in same wells
5 Sequential assays 3.2 8.0 12.4 2.8 11.0 ND
5  Independent assays 11.8 10.7 10.8 4.5 11.7 ND
Surface aeration Coefﬁcient of variation between wells
5  Sequential assays 6.3 7.1 10.4 9.1 6.9 ND
Coefﬁcient of variation in same wells
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different wells, during sequential tests (i.e. not stopping the Micro-
24) or during independent experiments (i.e. Micro-24 fully stopped5 Sequential assays 
D: not determined.
lternatively, injecting air in deoxygenated water (KLaO2). Signif-
cant differences were observed between both KLa values. Under
he same conditions, KLaN2 was systematically 11.2 ± 2.4% inferior
o less than KLaO2 . These KLa values were determined taking into
ccount the tr of the DO sensors, hence discarding any effect of dif-
erent tr on KLaN2 and KLaO2 determinations. These KLa differences
ight be explained by different air and nitrogen ﬂow rates, prob-
bly due to different gas properties together with the complex gas
ow control of the Micro-24. However, it is worthwhile to men-
ion that the difference between KLaN2 and KLaO2 was reproducible
p < 0.05) and constant over time. Thus, after the difference between
LaN2 and KLaO2 has been established, the Micro-24 allows for the
etermination of two KLa data from a single gassing-out experi-
ent. As KLaO2 corresponds to KLa observed when air is injected, as
ommonly done during fermentation experiments, in the following
ections, KLa data will refer to KLaO2 only.
A total of 7500 KLa determinations were done. Fig. 2 shows
La values determined under different experimental conditions. As
hown, KLa ranged from 8 to 90 h−1, which is a range similar to what
s usually observed in standard bench-scale reactors (Garcia-Ochoa
nd Gomez, 2009). It was observed that the cassette and cap design
ad a strong inﬂuence on KLa, in some cases with up to 100% dif-
erence between designs. Moreover, it was also observed that the
assette and cap designs inﬂuenced the trend of KLa, under sev-
ral conditions. For instance, this was the case for the KLa response
o increasing liquid volume (Fig. 2B). In PRC cassettes, increasing
La values were observed when the liquid volume was increased.
n the contrary, in BFL cassettes the liquid volume had a negative
mpact on KLa. Overall, the agitation speed and the aeration rate
ere the parameters that most inﬂuenced KLa. As they are both the
ajor control parameters during fermentation, this conveniently
llows for a control of the oxygen supply over a wide range of KLa.
dditionally to the results presented in Fig. 2, the effect of ionic
trength from 0 to 0.27 M L−1 on KLa was determined. No signiﬁ-
ant effect was observed, which may  be explained by the low liquid
olume in each well, avoiding effects such as bubble coalescence,
sually observed in larger scale reactors.
Micro-24 wells are characterized by a volume from 3 to 7 mL  and
 signiﬁcant surface area in contact with gas; headspace plus bubble
urface area in the case of BFL cassettes and headspace in the case of
RC cassettes. According to the geometry of the wells, the gas/liquid
urface area of the non-agitated BFL cassettes was determined to be
rom 28 to 65 m−1, for 7 and 3 mL  liquid volume, respectively. For
on-agitated PRC cassettes, this speciﬁc surface area was estimated
o be from 25 to 62 m−1, for 7 and 3 mL  liquid volume, respectively.
ith agitation, this surface area is certainly higher, as previously
eported by Hermann et al. (2003) and by Duetz, (2007). These
as/liquid speciﬁc areas are signiﬁcant and suggest that even in
he absence of aeration, a signiﬁcant gas transfer takes place. To3 7.6 8.1 6.4 5.5 ND
evaluate these, KLa was determined with no aeration, with both
BFL and PRC cassettes containing 5 mL  liquid volume, at 30 ◦C and
with 600 rpm agitation speed. With BFL and PRC cassettes, KLa was
21.3 ± 1.2 and 12.3 ± 0.6 h−1, respectively, with no signiﬁcant dif-
ference between caps (p < 0.05). KLa was  higher in BFL cassettes
than PRC cassettes, in excess of what would be predicted by surface
area measurements. This indicates that the absence of the central
gas delivery structure and the presence of bafﬂes increased mixing
signiﬁcantly and, consequently, the gas/liquid interface.
If precision of DO measurements is of utmost importance, so
too is precision in KLa determination. Repeatability of KLa was
assessed, comparing measurements done in the same well and inFig. 3. (A) Standard error of the mean on OUR determination versus oxygen transfer
driving force (C* − C), for n measurements and for KLa determination error from 2.8
to  12.4%, (B) range of OUR that can be measured for a given KLa, with SEM less than
15%;   ˛ and  ˇ show the range of OUR reported in the literature for bacteria/yeast and
animal cell (CHO, see text), respectively.
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Fig. 4. Examples of respirograms observed after the injection of; (A) 9.7 mg NOD-NH4+ L−1 (NOD: nitrogen oxygen demand) in a Nitrobacter winogradskyi culture containing
8 B) 11.4
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l05  ± 20 mg  COD L−1 of biomass concentration (COD: chemical oxygen demand); (
f biomass concentration; (C) 78.9 mg  glucose L−1 in a Pseudomonas putida F1 cultur
f synthetic wastewater in an activated sludge culture containing 3720 ± 80 mg  CO
etween experiments). KLa was determined 5 times in each condi-
ion and in 24 wells. Table 1 shows the results obtained.
Overall, CV ranged from 2.8 to 17.5%. Repeatability was  better
hen KLa was determined sequentially than during independent
xperiments or when KLa was repeatedly measured in the same
ell versus between different wells (Table 1). As the Micro-24
llows for substantial surface aeration, repeatability was also tested
ith no air ﬂow rate. The repeatability was signiﬁcantly improved.
verall and regardless of the cassette and the cap design, better
epeatability was observed in the same well, with surface aeration
nd with replicates done sequentially (CV = 6.3%). This standard
eviation corresponds to a SEM of 3.6%, for ﬁve measurements.
nder the worst scenario, for replicates between different wells and
ith independent assays, CV was 13.5%, which would correspond
o a SEM of 7.9% for ﬁve measurements.
.3. Potential of the Micro-24 for respirometry applications
As previously mentioned, respirometry consists of the measure-
ent of the biological oxygen consumption rate under well-deﬁned
onditions (Spanjers et al., 1999). The ﬁrst and most obvious
espirometric application is the determination of the OUR, which
ives a direct quantiﬁcation of the substrate uptake rate, if the oxi-
ation yield (YO2/S , mass of oxygen consumed per mass of substrate
xidized) is known. YO2/S can be determined by standard respirom-
try as exhaustively described (Chandran et al., 2005; Ordaz et al.,
008). OUR is typically determined from the measurement of the
O concentration gradient during steady-state (Eq. (7)) and KLa,
hich imply an error propagation in OUR determination. The SEM
ange on OUR determination was determined by theoretical simu-
ation, for several numbers of measurements (n = 3, 10 or 100) and mg  NOD-NH4+ L−1 in a mixed nitrifying culture containing 1200 ± 12 mg  COD L−1
taining 1940 ± 100 mg COD L−1 of biomass concentration; and (D) 85.5 mg COD L−1
f biomass concentration. In all cases wells contained 4.0 mL liquid volume.
assuming a range of error in KLa determination from 2.8 to 12.4%,
which was  the CV observed for repeated independent KLa determi-
nations sequentially within the same well (Table 1). Fig. 3A shows
the results of that simulation. The SEM was inversely proportional
to the DO concentration gradient and the number of measurements.
For instance, with 10 DO measurements (50 s of data acquisition)
a determination error of 20% would be made over the determina-
tion of OUR with a 1% DO concentration gradient. Fig. 3B shows
the OUR range which can be determined from 10 DO measure-
ments (50 s data acquisition), with the Micro-24 and with the KLa
range determined in this work; from 8 to 90 h−1. This estimation
was done excluding all OUR data with an SEM higher than 15%.
Fig. 3B also shows the range of OUR which could be determined
with depleted air (1% O2) and enriched air (100% O2). Overall, these
estimations show that an OUR range from 0.80 to 712 mg  L−1 h−1
can be determined with the Micro-24 aerated with air and that
the OUR range can be expanded from 0.038 to 3.394 mg  L−1 h−1 by
using depleted (1% O2) or enriched (100% O2) air. These ranges cover
the OUR reported in the literature for some bacterial and yeast cul-
tures (range  ˛ in Fig. 3B, from Calik et al., 2004; Garcia-Ochoa and
Gomez, 2009; Kocabas et al., 2006; Liu et al., 2006) and also the
range reported for some animal cell cultures (range  ˇ in Fig. 3B,
from Deshpande and Heinzle, 2009; Huang et al., 2010).
As previously mentioned, additionally to OUR  determination,
respirometry can be used for the characterization of several kinetic
and stoichiometric parameters, including the substrate afﬁnity con-
stant (KS), the YO2/S , the cell growth yield (YX/S), the maximum
substrate degradation rate (Rmax) and the maximum growth rate
(max) (Chandran et al., 2005; Dircks et al., 1999; Vanrolleghem
et al., 2004). Many respirometry techniques have been developed
and two  methods have gained a general acceptance. The ﬁrst
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ethod, often called “static respirometry”, is based on the measure-
ent of the dissolved oxygen (DO) concentration in a non-aerated
espirometer or reactor. The respiration rate is determined from
he slope of DO concentration decline versus time. This method is
nfortunately inapplicable in the Micro-24, and probably in any
ther MBR  system because, even in the absence of forced aeration,
BR are subject to a relatively high surface aeration. This is an
ntrinsic characteristic of MBR, caused by the low liquid volume of
ach well, with a relatively high speciﬁc surface area.
The second method, called “dynamic respirometry”, involves
he measurement of DO concentration in an aerated respirometer,
ombined with the injection of pulses of substrate. The DO curve
btained, called respirogram, reﬂects the kinetics of the aerobic
iodegradation process, as a balance between the forced oxygen
ransfer and the OUR. This method has been previously used in a
reSens MBR  system (Esquivel-Rios et al., 2014) and it has been
hown that stoichiometric and kinetic parameters can be deter-
ined with a lower standard error than is observed with traditional
espirometers and with much less experimental effort. In light of
he quenching sensor precision and KLa ranges of the Micro-24,
uperior to those reported by Esquivel-Rios et al. (2014), there is no
eason why dynamic pulse respirometry might not be applicable in
he Micro-24. To conﬁrm the latter, pulse respirometry was  tested
n the Micro-24, with four different cultures: (i) nitrite oxidation
y N. winogradskyi; (ii) mixed culture nitriﬁcation; (iii) degrada-
ion of glucose by P. putida F1; and (iv) activated sludge process
sing synthetic wastewater. Culture conditions were the same as
hose described in Esquivel-Rios et al. (2014). Fig. 4 shows exam-
les of the respirograms observed as well as the best Monod model
tting (Fig. 4A and B) or the best ASM3 model ﬁtting (Gujer et al.,
999, Fig. 4C and D). In all cases, the Monod or ASM3 models ﬁt
he experimental data well, which is a clear indication of the appli-
ability of the pulse respirometry method with the Micro-24 and
uggest that dynamic respirometry can be performed in MBRs.
. Conclusion
The assessment of oxygen transfer and dissolved oxygen mea-
urement showed that, in many ways, the MBR  tested was similar to
arger bioreactors equipped with standard polarographic DO elec-
rodes. First, with a response time shorter than standard electrodes,
he ﬂuorescent quenching DO sensors of the MBR  are convenient
or the characterization of fast transient states and dynamic sys-
ems. Also, despite relatively lower SNR, this is high enough and
ndependent of DO concentration to allow the detection of small
O variation over the complete DO range.
Moreover, mass transfer, characterized by KLa ranging from 9
o 80 h−1 is also similar to those observed in larger bioreactors.
rom these data, it was shown that the MBR  tested is convenient for
UR determination, in a range from 0.038 to 3390 mg  L−1 h−1, with
xperimental error less than 15%. This range covers the standard
xygen uptake observed in a variety of bioprocesses, from low
inetic to high cell density. As it was observed that the operating
onditions have a large impact on experimental errors, it is strongly
ecommended that in future applications of these MBRs, experi-
ents are done after independent KLa measurement in each well,
nder the actual experimental conditions and without turning-off
he MBR  between experiments. Additionally, if oxygen require-
ents are moderate, experiments with surface aeration would
urther increase precision. Future considerations for improvement
f the Micro-24 include a better individual control of the gas
ow rate to each well, implementation of a temperature and/or
ressure compensation and, reduction of the variability between
O ﬂuorescent quenching sensors. However, in its present ver-
ion, the Micro-24 is a versatile apparatus which allows forotechnology 186 (2014) 58–65
process characterization through OUR measurements and dynamic
respirometry with a high throughput potential under different con-
ditions.
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